The ability to clone and manipulate large pieces of DNA is essential for many aspects of mammalian molecular genetics. Key applications of this technology include (i) physical isolation of genes involved in genetic disease from genetically linked restriction fragment length polymorphisms, (ii) analysis of the large transcription units of some mammalian genes, and (iii) physical mapping of ordered fragments from large genomes. The introduction of the yeast artificial chromosome (YAC) as a cloning vehicle for large pieces of DNA has opened these areas for investigation (1) . YACs have been used to physically map the relatively small genome of Caenorhabditis elegans (2) and to clone centromeric sequences from Schizosaccharomyces pombe (3) . In addition, YACs with human DNA inserts have been screened for moderately repetitive DNA elements (4) . Several obstacles need to be overcome to apply YAC technology to the comprehensive analysis of mammalian genomes. In particular, large numbers of colonies must be screened to identify any unique singlecopy sequence (1) . YACs are usually present at one copy per yeast cell. To find a single-copy human sequence in a YAC library with an average insert size of0.1 megabase pair (Mbp) requires detection, on average, of 1 colony of 30,000. This paper presents a rapid method for screening a human genomic YAC library for single-copy human sequences, eliminating the need to pick each colony from within top agar to arrays. Two YACs containing human DNA inserts with homology to probes from the Xq28 region have been identified by this technique. A modified YAC cloning vector has been constructed. This vector was designed to facilitate walking within a library by allowing recovery of both ends of a given insert within plasmids in Escherichia coli. In addition, the vector includes a drug-resistance marker selectable in mammalian cells. This permits shuttling of YAC DNA from yeast to mammalian cells, a key step for studies of genetic complementation and gene expression with cloned genomic DNA.
MATERIALS AND METHODS
Strains, DNA, and Cell Lines. Saccharomyces cerevisiae strain AB1380 (MATa, ura3, trpl, ade2-1, can1-100, lys2-1, hisS) and the vector pYAC4 were kindly provided by David Burke (1) . The following cloned probes from the Xq28 region were used for hybridization: St14-1 (DXS52) (5), DX13 (DXS15) (6), MN12 (DXS33) (7), hs7 (8) , and p625.8, located 30 kilobase pairs (kbp) from the 3' end of the human factor VIII gene (J. Gitschier, personal communication; ref. 9) . The MN12 probe is a 2.8-kbp EcoRI/Msp I restriction fragment and the p625.8 probe is a 3.15-kbp EcoRI restriction fragment; both are free of highly repetitive DNA sequences. The cloned probe pNN415 is a repetitive-DNA-free 3.5-kbp Sal I restriction fragment derived from the ampicillin-resistant (AmpR) end of the hX1 YAC (see Results). Mouse 3T3 and primary human fibroblast MRC-5 cells were obtained from the American Type Culture Collection and were grown according to their recommendations.
Media and Storage of Yeast Transformants. All media were prepared as described (10) . For long-term storage of the library, a synthetic complete medium lacking uracil and tryptophan (SCUT) replica plate of each primary transformation plate was further replica-plated after 1-2 days at 30'C to a nitrocellulose disc (Schleicher & Schuell, BA85) on a yeast extract/peptone/dextrose (YPD) plate, which was then incubated for 12 hr at 30°C. Discs were then placed colonyside up on Whatman 3MM paper saturated with YPD/ 30o (vol/vol) glycerol. A fresh nitrocellulose disc, saturated as described above, was overlaid onto the first disc, forming a sandwich. The two discs were placed between dry Whatman 3MM paper and pressure was applied briefly with a steel replica block. Discs were wrapped in foil, placed in plastic storage bags, and stored at -70°C until use. Colonies were recovered by separating the two nitrocellulose discs, placing each colony-side up on a YPD plate, and incubating at 30°C 1-2 days, at which point one disc was refrozen as described above, and the other was used for further experiments.
RESULTS
Modifications to the YAC Vector. A YAC can be constructed from a large DNA stabilize a linear yeast chromosome: a centromere, telomeres, an origin of replication, and a means of selection (11) . The YAC vector, pYAC4 (1), as originally described, is sufficient for cloning large DNA fragments in S. cerevisiae. For genetic complementation studies with human genomic DNA, a vector that enables shuttling of these large DNA fragments from yeast to mammalian cells is necessary. In addition, a vector that provides a means to isolate each end ofan insert for bidirectional walking from a given clone would be useful. Both of these goals were accomplished by modifying the pYAC4 vector with the addition of the neomycinresistance (Neo) gene and the ColEl origin of replication from pSV2neo (12) (Fig. 1) . The Neo gene can confer kanamycin resistance to E. coli and G418 resistance to mammalian cells. To determine whether transfection of a YAC generated from pYACneo into mammalian cells would result in G418 resistance, the following experiment was performed. A 75-kbp YAC containing inserted mouse DNA was transferred from yeast into mouse 3T3 cells by spheroplast fusion and subsequent G418 selection (13) . From 106 mouse cells fused, three independent G418-resistant colonies were recovered; no resistant colonies were recovered from control fusions between 3T3 cells and the yeast host strain AB1380. DNA was prepared in agarose blocks from the three resistant clones and analyzed by contour-clamped homogeneous electric field pulse-field gel electrophoresis (14) . By Southern blot hybridization, all three clones appeared to have incorporated the Neo gene into high molecular weight DNA >2 Mb. High molecular weight DNA from two of the clones also hybridized to a pBR322-derived probe specific for the opposite end of the YAC. After digestion of DNA from these two clones with Xho I, which does not cut within the 60-kbp insert of the artificial chromosome, DNA probes from each vector arm of the YAC hybridized to the same-sized 400-and 450-kbp, respectively, Xho I restriction fragments (data not shown). Hence, DNA has been shuttled from a single-copy YAC in yeast to mammalian cells by spheroplast fusion and G418 selection. An unintegrated artificial chromosome in mammalian cells was not detected, but the particular artificial chromosome used in these experiments may have been defective for mammalian replication, segregation, or telomeric function. The presence of a mammalian drugresistance marker on a YAC will allow for testing of various cloned sequences for these functions.
Library Construction. DNA for the human genomic library was derived from 46,XY primary human fibroblast MRC-5 cells passaged 25 generations before harvest. MRC-5 cells were chosen because (i) these cells are available to other researchers and (it) they are not known to undergo somatic rearrangements. DNA was prepared as described (1) with the following modifications: after partial EcoRI digestion, DNA was fractionated by velocity sedimentation to eliminate fragments <50 kbp. Gradient fractions were collected, assayed by field-inversion gel electrophoresis (FIGE) (15) , dialyzed, and concentrated. This DNA then was ligated to pYACneo vector DNA prepared as described (1) (Fig. 1) . Large DNA ligation products were fractionated from unligated vector arms by velocity sedimentation and were purified as described above. DNA was transformed into S. cerevisiae strain AB1380 as described (1) , with the following modification. Yeast spheroplasts regenerate in a thin layer of calcium alginate with colonies appearing on the surface of the plate (16) (17) . Spheroplasts were pelleted for 4 min at 250 x g in a Sorval GLC2B rotor and resuspended in the absence of calcium ion. For each 150-mm transformation plate, spheroplasts were resuspended in 75 ILI of 1 M sorbitol to which an equal volume of 4% sodium alginate (Sigma; alginic acid, low viscosity, sodium salt) in 1 M sorbitol was added. Spheroplasts were spread rapidly in a thin layer onto a plate of synthetic complete medium lacking uracil containing 1 M sorbitol and 0.025 M CaCI2. Plates were incubated at 30'C for 3-4 days before processing. Transformation with this protocol was of equal efficiency to top agar regeneration: 300 transformants per jug of insert DNA.
To determine the size of the YACs, genomic DNA in agarose plugs was prepared from 20 randomly selected clones and analyzed by FIGE. The artificial chromosomes had an average insert size of 0.1 Mbp of human DNA, with a range of 0.07-0.15 Mbp. In the library there was no detectable background of transformation by religated vector arms as determined by color assay (18) . On 50 large plates, =30,000 independently transformed yeast colonies were generated, comprising approximately one genome equivalent of human insert DNA.
Library Screening. Colonies were replica plated directly from each primary transformation plate to three SCUT plates, two ofwhich were further replica plated after 1-2 days at 300C to a total of six YPD plates overlaid with nitrocellulose discs. The discs were processed for colony hybridization (10) . Frozen nitrocellulose replicas for storage were generated from the third synthetic plate (see Materials and Methods). After >6 months storage at -70'C, accurate replicas of yeast colonies that retain the selectable markers for the artificial chromosomes have been recovered.
The human genomic library was screened with six different probes. Pooled probes were used to increase the chances of finding a positive signal in an estimated one genome equivalent of human 46,XY DNA and to minimize the number of rounds of screening per set of discs. In an effort to identify sequences in the region assigned to the X-chromosome linked bipolar disorder locus (Xq28) (19, 20) , the library was screened initially with three unique sequence probes (MN12, DX13, and hs7) and one probe that detects a sequence present in several copies within a relatively small (<100 kbp) interval (Stl4) (5, 7) . Hybridization conditions were as recommended by the nitrocellulose disc manufacturer (Schleicher & Schuell). After 5 days of autoradiography with intensifying screens at -70°C, 1 positive colony was detected among the 30,000 screened. Overall background hybridization was low.
Undigested genomic DNA from this colony was prepared in agarose and separated by FIGE. Southern blot hybridization revealed that this yeast colony, AB1380/hX1 (YNN374), contains a 150-kbp YAC to which probe MN12 showed specific hybridization (data not shown). Subsequent analysis revealed that hX1 contains a sequence homologous, but not identical, to MN12 (S.K., unpublished data). A subclone (pNN415) containing 3.5 kbp of single-copy DNA sequence was derived from one end of this YAC insert (see below). This probe was used to rescreen the library together with three Xq28 sequences: St14, hs7, and p625.8. This second screen identified two positive colonies with equally intense hybridization signals. One, which served as an internal control for hybridization, was the original colony from which the subcloned single-copy probe pNN415 was derived. The second positive yeast colony, AB1380/hX2 (YNN375) ( Fig.  2A) , was shown by Southern blot analysis to contain a 120-kbp artificial chromosome that hybridized specifically to probe p625.8 ( Fig. 2 B and C) . Thus Fig. 1 ), ligation, and E. coli transformation with kanamycin selection. The recovery of only one of the three insert ends using Xho I digestion was not surprising since Xho I cleaves infrequently in human DNA, with =1 site per 100 kbp (22) . The infrequency is caused both by the underrepresentation of CG dinucleotides in human DNA (22) and by CG methylation (which is not expected to occur when human DNA is introduced into S. cerevisiae) (23 resistance to mammalian cells. In the three resistant clones studied, the DNA had integrated into a mouse chromosome.
It may be possible to modify the pYACneo vector to develop an efficient yeast-mammalian shuttle system for large fragments of DNA. This would allow genetic complementation with entire cloned genes-in particular, large transcription units such as the factor VIII gene (9)-and could aid in generating the proper levels of expression. One could study, in a more natural context, effects of cis-acting regulatory elements operating at a great distance or mechanisms such as alternative splicing (25) . Mutations could be introduced into cloned human genes through homologous recombination in yeast (26) , and the effects of these mutations could be analyzed by shuttling recombinant artificial chromosomes into mammalian cells. In addition, the pYACneo artificial chromosome vector may be a good host for the addition and testing of structural chromosomal elements for their ability to stabilize a linear artificial chromosome in human cells. For example, human alpha satellite repeats are found at centromeric regions and are candidates for being the functional human centromere (27) . Two percent of the YACs in this human genomic library have been shown to contain alpha satellite DNA (C.N.T., unpublished data), reflecting the percentage of alpha satellite found in total human DNA (27) . The ability of an alpha satellite array to confer mitotic stability to an artificial chromosome transferred from yeast to human cells could be tested in this shuttle system.
